A novel murine dispersed homeobox gene, designated G&-2, is described. Analysis of cDNA sequence, including the full open reading frame, reveals an encoded homeodomain that is surprisingly similar to those of the Antennupediu-type clustered Hox genes. In addition, the encoded protein includes polyhistidine and polyalanine tracts, as observed for several other genes of developmental significance. In situ hybridizations showed Gsh-2 expression in the developing central nervous system, including the ganglionic eminences of the forebrain, the diencephalon, which gives rise to the thalamus and hypothalamus, and in the hindbrain. Furthermore, a random oligonucleotide selection and PCR amplification procedure was used to define a target DNA binding sequence, CNAATTAG, as a first step towards the identification of downstream target genes.
Introduction
Genes that carry the 180-bp homeobox encode transcription factors that modulate expression patterns of batteries of target genes during development. Originally characterized in Drosophila, mutations in homeobox genes were observed to sometimes produce striking transformations of segment identity (Lewis, 1978; Gehring, 1987) . Many genes with the homeobox motif were found to be organized in the Homeotic Complex, with an interesting colinearity between cluster position and antero-posterior domain of expression during embryogenesis (Akam, 1989) . In addition, many Drosophila homeobox genes were individually located at dispersed chromosomal positions.
The homeobox genes were very well conserved during evolution, with mammals carrying four apparently duplicated gene clusters similar in structure to the Drosophila Homeotic Complex. Furthermore, the ex-* Corresponding author, Phone: 513 559 4850, Fax: 513 559 4317. pression patterns of these mammalian genes mirror those of the Droqohila homeobox genes, with genes more 5 ' in the clusters transcribed at more posterior positions and at later times in development Duboule and Dolle, 1989) . It is interesting to note that four homeobox genes, Zen, z2, ftz and bed, are located in the Drosophila Antennapedia cluster but are not represented in the corresponding mammalian clusters (Scott, 1993) . Conversely, the mammalian Evx homeobox genes are associated with the A and D clusters (Dush and Martin, 1992) , while in Drosophila the corresponding even-skipped gene is dispersed. Hence, although there is a strong tendency for a homeobox gene to remain clustered or dispersed during evolution, some variation does occur. As for the clustered genes, mammals generally have multiple conserved copies of each dispersed Drosophila homeobox gene. A partial list of such dispersed murine homeobox genes includes the En-l and En-2 engrailed genes (Joyner and Martin, 1987) , the msx-I, msx-2 and msx-3 muscle specific homeobox genes (Hill et al., 1989; Robert et al., 0925-4773/95/$09.50 0 1995 Elsevier Science Ireland Ltd. All rights reserved SSDI 0925-4773(94)00334-J 1989; Davidson et al., 1991) , the Dlx-1 and Dlx-2 Distalless genes (Price et al., 1991; Robinson et al., 1991; Portens et al., 1991 Portens et al., , 1992 Dolle et al., 1992) , the cdx-I and cdx-2 genes homologous to the Drosophila caudal gene (Duprey et al., 1988) and the LIM-type homeobox gene, Gsh-4 (Li et al., 1994) , homologous to the Drosophila BK64 gene.
The restricted spatial and temporal expression patterns of murine homeobox genes observed during embryogenesis suggested developmental function. The clustered Hox genes are expressed in the central nervous system (CNS), with anterior expression boundaries that coincide with gene location in the cluster (McGinnis and Krumlauf, 1992) . More 3' genes have more anterior expression domains. It is interesting to note, however, that none of the clustered Hox genes are expressed more anterior than the hindbrain, suggesting that other genes are responsible for pattern formation in the more rostra1 regions of the brain. In addition, the clustered Hox genes are often active in other developing areas, including gonads, kidneys and limbs. The dispersed homeobox genes generally show distinct patterns of expression, with the Dlx genes, for example, expressed in the developing forebrain (Price et al., 1991; Bulfone et al., 1993; Portens et al., 1991) .
The developmental roles of the mammalian homeobox genes have been further defined by mutational analysis. Dominant mutations in transgenic mice have shown that misexpression of Hox A4 (Wolgemuth et al., 1989) , Hox A7 , Hox B6 (Kaur et al., 1992) , Hox B7 (McLain et al., 1992) , Hox B8 (Charite et al., 1994) , Hox C6 (Jegalian and DeRobertis, 1992) , Hox C8 (Pollock et al., 1992) and Hox 04 (Lufkin et al., 1992) can cause numerous developmental defects, including incorrect specification of segment identity. These studies established developmental purpose and began to reveal the degree of functional overlap of the coding sequences of the closely related homeobox genes. Furthermore, targeted mutations in Hox AYChisaka and Capecchi, 1991) , Hox Al (Lufkin et al., 1991; Chisaka et al., 1992 ) Hox C8 (Mouellic et al., 1992) , Hox B4 (Ramirez-Solis et al., 1993) , Hox 013 (Dolle et al., 1993) , Hox All (Small and Potter, 1993) and other homeobox genes have generated mice with homeotic transformations, structure deletions and other malformations that clearly establish the developmental significance of these genes.
The homeobox genes function by regulating expression patterns of downstream target genes which must now be identified in order to achieve a deeper molecular understanding of how homeobox genes influence development. For the murine homeobox genes, some progress has been made in this area by scanning potential targets for known binding sequence motifs. Edelman and co-workers, for example, identified potential homeobox gene targets in this manner, and then conducted co-transfection studies further suggesting that Hox B8, Hox B9 and Hox C6 regulate the neural cell adhesion molecule gene (Jones et al., 1992a (Jones et al., , 1993 and that Evx-1 stimulates the cytotactinltenascin promoter (Jones et al., 1992b) .
We previously described a screen for novel murine homeobox genes using a degenerate oligonucleotide probe consisting of all sequences capable of encoding the most conserved KIWFQNRR motif of the homeodomain (Singh et al., 1991) . Genomic DNA clones corresponding to ten novel homeobox genes were identified. Several of these genes were positioned within the clusters but approximately an equal number were individually dispersed. One of these dispersed genes, named Gsh-2 for Genomic screen homeobox, is the subject of this report. A cDNA sequence with the complete open reading frame is presented, with sequence comparisons indicating that G&-2 is similar to the Drosophila zerknullt or zen genes. In situ hybridizations show that Gsh-2 is expressed in the developing CNS. Gsh-2 transcripts were found in the ganglionic eminences of the developing forebrain, as well as in restricted domains of the diencephalon and hindbrain. Furthermore, a Gsh-2-glutathione-S-transferase fusion protein was used to determine Gsh-2 DNA target binding sequences, as a first step in the identification of Gsh-2-regulated genes.
Results

Gsh-2 cDNA
A mouse Gsh-2 genomic DNA clone was originally isolated using a degenerate oligonucleotide designed to hybridize to the most conserved portion of the homeobox (Singh et al., 1991) . Sequencing of a portion of this clone suggested it carried a novel murine homeobox gene, although it remained possible that Gsh-2 was a pseudogene, since no transcripts had been Zen 2 with Gsh-2. The Gsh-I and Gsh-2 homeodomains show only two amino acid differences. The murine clustered homeodomains, represented here by Hox 83, Hox B2 and HoxAlf are also surprisingly similar, except for the Abd-B-type Hex AII. which is rather divergent. The cnox 2 gene is from hydra. Among the Drosophila homeobox genes, Zen I and Zen 2 are most homologous to Gsh-2.
characterized. Seven mouse embry,onic cDNA libraries were therefore screened to identify potential Gsh-2 cDNA clones. These libraries represented days 7.5, 8.5 (two libraries), 10.5, 11.5, 12.5 and 15.5 of gestation. Approximately lo6 clones from each library were screened. A total of eight Gsh-2 cDNAs were isolated, with one from the El 1.5 library and seven from the E12.5 library. The result of sequence analysis of these cDNAs is shown in Fig. 1 . Sequence analysis revealed alternative usage of the two polyadenylation signals (underlined). The longer cDNA is shown in Fig. 1 , with the poly A tail of the shorter one starting at base 165 1. The entire open reading frame is also included, with an in-frame stop codon 5 ' of the initiation methionine. The predicted Gsh-2 protein is 305 amino acids and exhibits a number of interesting features. The amino terminal portion of the protein is rich in serines and prolines (37% of the first 75 residues), suggesting a possible transcription regulation function (Williams et al., 1988; Mermod et al., 1989) . Proline rich sequences have been associated with both transcription activation and repression function (Han and Manley, 1993a,b; Mitchell and Tjian, 1989) . Bases 599-649 encode a 17-amino-acid polyalanine tract. Such runs of polyalanine have been previously found in a number of developmentally important genes, including engruiled (Macdonald et al., 1986) , even-skipped (Poole et al., 1985) and runt (Kania et al., 1990) in Drosophila. This motif is thought to form an alpha helix structure and has been associated with transcription repression domains (Han and Manley, 1993a,b) . In addition, there is an interesting region with 12 of 16 encoded amino acids consisting of histidine. Such histidine rich sequences have also been found in several genes of developmental importance and in con-
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Ss- Fig. 3 . Gsh-2 northern analysis. E 12.5 poly A+ mRNA (20 pg) was fractionated on denaturing agarose gels, transferred to nitrocellulose and hybridized to Gsh-2 radio-labeled probe. Mobilities of rRNA bands are marked. A single Gsh-2 transcript of approximately I .9 Kb is observed. junction with a polyalanine sequence in the Drosophila cut (Blochinger et al., 1988) , ovo (Mevel-Ninio et al., 1991) and dPOU-19 (Dick et al., 1991) genes. A comparison of the Gsh-2 encoded homeodomain with others is shown in Fig. 2 . The Gsh-2 homeodomain most resembies that of Gsh-I, with only two amino acid mis-matches. These two genes appear to represent a distinct subfamily of dispersed homeobox genes. The Gsh-I and Gsh-2 homeodomains in turn are quite homologous to the Drosophila zerknullt gene homeodomains, with about 70% amino acid identity. This is of interest since the Gsh-2 homeodomain is most similar to the clustered homeodomain sequences of all the dispersed murine homeobox genes sequenced to date, and the zen genes of Drosophila are located within the Antennapedia cluster. As previously mentioned, the mammalian clusters have no zen homologous representatives, suggesting that Gsh-1 and Gsh-2 may be the mammalian counterparts to these genes. The degree of homology between the zen, Gsh-1 and -2 genes, however, is not sufficient to insure that they are true cognates. The Drosophila Antennapedia homeodomain, for example, is over 95% identical with those of several of the mammalian clustered homeobox genes, while the Gsh-1 and Gsh-2 homeodomains are only about 70% identical to those of zen genes.
Northern analysis
In order to size Gsh-2 transcripts, a northern blot of E12.5 mRNA was hybridized to a Gsh-2 specific probe. Fig. 3 shows the resulting band, which co-migrates with the 18s rRNA band. This signal is not the result of cross-hybridization with 18s rRNA, however, since total embryonic RNA was loaded in the adjacent lane and although it carried more rRNA, it shows far weaker Gsh-2 hybridization. These observations indicate that Gsh-2 expression results in a single predominant mRNA of approximately 1.9 Kb. This suggests that the approximately 1.7-Kb cDNA sequence shown in Fig. 1 , without the bulk of the poly A tail, is near full length.
Gsh-2 developmental expression
To begin to examine the spatial and temporal pattern of Gsh-2 expression during embryogenesis, in situ hybridizations were performed. At ElO.O, Gsh-2 transcripts were localized to a band of primitive neuroepithelial cells in the neural tube, mesencephalon and telencephalon (data not shown). At EllS-E13.5, there is a similar striking pattern of restricted expression in the central nervous system (Fig. 4) . The signal was symmetrical but tightly limited in areas of the forebrain, midbrain and hindbrain. The periventricular regions corresponding to the developing thalamic nuclei, ganglionic eminence, hypothalamic region, and posterior in the hindbrain along the lateral walls of the fourth ventricle, showed bands of highly localized but intense signal. There was no signal in other areas of the brain and control hybridizations with the sense probe were negative. By E14.5, the hybridization signal in the brain was still evident but less intense. By E16.5, no Gsh-2 mRNA was detectable in the brain by in situ hybridization.
Gsh-2 target DNA binding sequence
In order to begin to identify downstream gene targets of Gsh-2, we have characterized the DNA sequences preferentially bound by its encoded homeodomain. A Gsh-2 homeodomain-GST (glutathione-S-transferase) fusion protein was synthesized using the Pharmacia pGEX system. A EanI-BstX I segment of about 250 bp, including the entire homeobox, was blunted at the ends with Klenow fragment and subcloned into the Smai site of the PGEX-3X vector. The resulting protein synthesized included the entire DNA binding homeodomain. Fusion protein was purified from IPTG induced E. coli using Glutathione-Sepharose 4B beads. Subsequent PAGE analysis revealed a single band of protein of the predicted molecular weight (data not shown).
A random oligonucleotide selected binding and PCR amplification procedure (Blackwell and Weintraub, 1990; Wilson et al., 1993 ) was used to identify preferred DNA binding sites for the Gsh-2 protein. A 74-base oligonucleotide with a 26-base random sequence core was synthesized and made double stranded using a primer complementary to one end and Klenow fragment DNA polymerase. This oligonucleotide mix was then added to the Gsh-2-GST fusion protein and bound sequences were selected using glutathione-sepharose 4B beads. Bound sequences were then purified, PCR amplified and re-selected. Following the completion of four such cycles, the resulting DNA was subcloned and sequenced. All of the resulting sequences carried at least one ATTA core element, a common component of previously characterized homeodomain target binding sequences (Hayashi and Scott, 1990; Odenwald et al., 1989) . The full Gsh-2 target consensus binding site determined was CNAATTAG, as shown in Fig. 5 .
Discussion
Gsh-2 is a novel dispersed murine homeobox gene that is expressed in the developing forebrain. The increased size and complexity of the mammalian forebrain is believed to play a role in distinguishing mammals from other vertebrates. The development of the forebrain is unique in several regards. For example, the forebrain has no underlying notochord, which plays a critical role in the induction of the more caudal hindbrain and neural tube (Placzek et al., 1990) . Furthermore, the clustered homeobox genes and the paired box genes are abundantly expressed in the developing hindbrain and spinal cord but not in the forebrain (Holland and Hogan, 1988; indicating that other genes must be responsible for the regulation of forebrain development.
Expression of Gsh-2 in the developing forebrain is found in the ganglionic eminences. The ganglionic eminences are divided into the lateral and medial ganglionic eminences, which in turn give rise to the striaturn, the pallidum and amygdala of the basal ganglia and other structures of the forebrain (Liu and Graybiel, 1992; Bayer and Altman, 1987) . It has been suggested that the ganglionic eminences represent a lineage restricted compartment analogous to the rhombomeres of the hindbrain (Liu and Graybiel, 1992) . For the hindbrain, there has now accumulated a significant body of data indicating that the combination of clustered Hox genes expressed in each rhombomere plays a key role in specifying segment identity (Keynes and Krumlauf, 1994) . The overlapping patterns of expression in the developing forebrain of the dispersed homeobox genes may play a similar role.
Several other dispersed homeobox genes have also now been shown to be expressed during mammalian forebrain development. Members of the D/x gene family, for example, are expressed in complex patterns in the forebrain, including the ganglionic eminences, as well as in limbs, developing branchial arches, face and eyes (Portens et al., 1991; dispersed Dbx homeobox gene is also expressed in the telencephalon of the forebrain as well as in restricted regions of the diencephalon, hindbrain and spinal cord (Lu et al., 1992) . In addition, the Evxl and 2, Otxl and 2 and members of the NK group of dispersed homeobox genes have been shown to express in the developing forebrain (Dush and Martin, 1992; Simeone et al., 1993; Saha et al., 1993) .
In addition to the ganglionic eminences, Gsh-2 is also expressed in the developing diencephalon and hindbrain. The diencephalon gives rise to the thalamus and hypothalamus as well as regions of the brain that receive neural input from the eyes. The thalamus plays an important function in emotional reaction to sensory experience and in the 'integration of various cortical and subcortical information subserving motor and sensory functions' (Mojsilovic and Zecevic, 1991) . Thalamic disturbances are related to a number of human conditions, including memory impairment in the Korsakoff syndrome (Squire and Moore, 1979) and psychotic disorders, such as schizophrenia (Swerdlow and Koob, 1987; Oke and Adams, 1987; Pakkenberg, 1990) . The hypothalamus also has a number of critical functions (Swaab et al., 1993) . It carries the suprachiasmatic nucleus, which functions as the major circadian pacemaker, and the paraventricular nucleus, which secretes oxytocin and vasopressin as well as corticotropin releasing hormone. The nuclei of the hypothalamus play important roles in feeding, sexual behavior and aggression. Through releasing hormones, the hypothalamus also serves to regulate the pituitary. And finally, the hindbrain is of critical importance in autonomic functions such as breathing and control of heart rate. The expression pattern of the Gsh-2 homeobox gene suggests that it may contribute to the development of these regions of the brain.
At present, achieving a full understanding of the genetic program of brain development would appear a rather daunting task. The first small steps towards this goal are accomplished as genes such as Gsh-2, that may occupy high level positions in the genetic hierarchy of this process, are characterized. It seems reasonable to hypothesize that in the forebrain, as already suggested and experimentally supported for the hindbrain (Keynes and Krumlauf, 1994) , a homeobox code will play a critical role in establishing cell identities. That is, the combination of homeobox genes active in a particular region may serve to specify its identity. Only in the developing forebrain, the dispersed homeobox genes would be responsible for segment identity instead of the clustered homeobox genes that function in the hindbrain. In order to define the forebrain homeobox codes that determine positional information, as already accomplished in some measure for the hindbrain, it is therefore necessary to isolate and characterize the complement of homeobox genes active during forebrain formation.
To better understand the genetic circuitry of this process, it will be necessary to determine how these forebrain-expressed homeobox genes are themselves regulated and to identify their downstream targets. We have used the PCR-based oligonucleotide selection and amplification procedure to determine the Gsh-2 consensus binding sequence. This sequence, CNAATTAG, can now serve to assist in the identification of potential downstream target genes.
It is interesting to note that Gsh-2 belongs to the 'QSO' group of homeobox genes, with a glutamine encoded at position 50 of the homeodomain. The mechanisms by which these genes achieve their biological specificities in vivo remains controversial. A wide variety of the Drosophila Q50 homeoproteins have been shown to have similar in vitro DNA binding targets (Hayashi and Scott, 1990) , suggesting that they might have similar or identical downstream targets. This view is further supported by in vivo cross linking studies which indicate that the even-skipped and fushi tarazu proteins have very similar in vivo binding specificities (Walter et al., 1994) . According to one extreme model, all QSO homeoproteins bind the same downstream targets, with biological specificity derived from relative affinities and concentrations, as well as non-homeodomain differences which determine repressor or activator activity and, in general, interactions with other proteins, such as cooperative DNA binding (Wilson et al., 1993) . The results of Phelan et al. (1994) are consistent with this view. They showed that positions two and three of the homeodomain could dramatically influence binding affinities to target sites. The Hox Al protein was found to bind all tested DNA sites poorly but when the position two and three residues were converted to Hox D4 identity, then the Hox Al protein bound effectively to Hox D4 target sites and conferred transcriptional activation. Their work demonstrated that not all homeodomain proteins have significant DNA binding activity as monomers and that binding affinities could be controlled by homeodomain amino terminal sequences.
According to an opposing model, homeodomain proteins bind to similar, yet distinct target sequences. In Drosophila, it is known that even when two Q50 homeodomain proteins have the same target gene, they bind to different cis-regulatory elements (O'Hara et al., 1993) . Also, homeobox substitution experiments have repeatedly demonstrated that in vivo target gene specificity resides in the homeodomain (Kuziora and McGinnis, 1989; Zeng et al., 1993; Furukubo-Tokunaga et al., 1993) . Furthermore, an in vitro study of the Hox A5, B4, A7, C8 and B 1 homeodomain proteins indicated that they varied in relative affinities and showed subtle differences in DNA binding specificities (Pellerin et al., 1994) .
The Gsh-2 consensus binding site described in this report is similar to, yet distinct from, those previously defined for other QSO homeodomain proteins. Nevertheless, judging from the variability present in individual bound sequences, it appears reasonable to conclude that the Gsh-2 target site specificity overlaps the sequence preferences of several Hox cluster encoded proteins. This agrees with the high degree of homology observed between the Gsh-2 and Hox homeodomains. Furthermore, the results presented here demonstrate that Gsh-2 protein has detectable affinity for preferred sites and this does not require interaction with other proteins.
In identifying homeobox gene downstream target genes, one must exercise caution. The presence of a consensus sequence binding site can serve as an initial guide and cell transfection studies can provide supportive evidence. Nevertheless, in vivo there are combinatorial protein-protein interactions occurring that are difficult to duplicate outside of the developing organism. Further analysis, such as characterization of expression patterns of potential target genes in targeted mutant embryos will be required to confirm in vivo relevance.
Experimental procedures
cDNA analysis
Approximately 1.44 x lo6 plaques from a day 12.5 embryonic cDNA library representing the NIH Swiss strain of mouse were screened with random primed DNA probes corresponding to Gsh-2 coding sequences. This resulted in the identification of seven Gsh-2 cDNAs, the longest of which was sequenced completely on both strands using the Sanger dideoxy method with Sequenase (U.S. Biochemical) following supplied protocols. For difficult regions, both 7-deaza dGTP and deoxyInosine triphosphate reactions were performed. A single cDNA clone from an El 1.5 library made from ICR outbred females and Swiss-Webster outbred males was also isolated and sequenced, revealing a single base difference in the coding region, which did not alter the amino acid encoded.
Northern blot analysis
Total RNA was prepared from E12.5 embryos (Chomczynski and Sacchi, 1987) followed by mRNA isolation using oligo d(T) cellulose (Celano et al., 1993) . The mRNA was then fractionated on a 1% agarose/formaldehyde gel and transferred to Gene Steen Plus (DuPont) membrane and hybridized and washed according to the suppliers protocols. The probe was a 450-bp BssHIIIDraI fragment from the Gsh-2 cDNA which was radiolabeled with a'*P dATP using the random primer method (Feinberg and Vogelstein, 1982) .
In situ hybridization
In situ hybridizations were performed basically as previously described (Kern et al., 1992) . Mouse embryos were collected by cesarean section and fixed overnight in 4% paraformaldehyde, followed by saturation in 30% sucrose prior to freezing. Hybridizations were performed on cryostat sections using a 35S labeled RNA derived from a 460-bp PCR product fragment of the Gsh-2 cDNA (bases 1038-1498), which does not contain homeobox sequences. The sections were then washed under high stringency conditions, treated with RNAse A and RNAse Tl, dipped in Kodak NTB 2 emulsion and exposed for 7-10 days. Photomicrographs were taken with dark-field illumination. Both antisense and control sense strand riboprobes were used.
Gsh-2 binding site
The Gsh-2 DNA binding site was determined using the method of Blackwell and Weintraub (1990) as modified by Wilson et al. (1993) . A 250-bp BunIIBstXI genomic fragment containing the Gsh-2 homeodomain was subcloned into pGEX-3X (Pharmacia) expression vector. A Glutathione-S-Transferase/Gsh-2 fusion protein was purified from 50 ml cultures of IPTG induced E. coli and analyzed for purity by SDS-PAGE, then coupled to Glutathione-Sepharose 4B beads. The complex was then incubated with a pool of double stranded DNA fragments containing a core of 26 random nucleotides. Following four rounds of washing and repeated selection and PCR amplification, the bound fragments were released and subcloned for sequence analysis.
